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SEQUENTIAL REQUIRED TIME OF ARRIVAL INTERVALS UTILIZING EXISTING TECHNOLOGIES 
 
Amy L. Alexander and Thomas L. Teller 
MIT Lincoln Laboratory 
Lexington, MA 
 
Four-dimensional trajectory-based operations (4D TBO) requiring aircraft to meet specified timing 
constraints at designated waypoints along their route are a key strategy for increasing airspace 
throughput and efficiency. The Required Time of Arrival (RTA) function of the aircraft Flight 
Management System (FMS) and the ground-based Traffic Management Advisor (TMA) were 
tested for supporting such operations. Two different methods for implementing appropriate time 
intervals between sequential RTA aircraft were explored in this paper: a fixed 90-second interval 
versus discrete intervals varied to match the prevailing conditions. Both methods yielded a good 
balance between separation assurance and flow efficiency. Three different types of FMS were 
included in this study; the results validated the performance of the FMSs to achieve the assigned 
RTA clearance time, although there were some issues with meeting the altitude and airspeed 
restrictions specified at the meter fix, likely due to the need to actively manage speed on descent 
given current FMS functionality. Human factors issues in need of further examination are 
presented. 
 
A key strategy for increasing National Airspace System throughput and efficiency, as presented in the 
NextGen Avionics Roadmap (JPDO, 2011), relies on four-dimensional trajectory-based operations (4D TBO). 4D 
trajectories require aircraft to meet specified timing constraints at designated waypoints along their route. 
Transitioning from strictly distance-based operations to include time-based standards is expected to reduce 
controller workload (by decreasing the use of vectors, speed commands, and holding), improve the predictability of 
arrival times, increase throughput, reduce time and distance flown, and reduce fuel burn (e.g., Klooster, Del Amo, & 
Manzi, 2009). The purpose of this work is to demonstrate the potential benefits of sequential 4D trajectories utilizing 
existing technology, both in the air and on the ground. The aircraft Flight Management System (FMS) is an airborne 
tool capable of computing a 4D trajectory and providing time guidance control to any point in the flight plan via the 
Required Time of Arrival (RTA) function. The Traffic Management Advisor (TMA) is a ground-based tool that can 
schedule arrival times at metering fixes. De Smedt and Berz (2007) examined single RTA flights under various 
operational conditions utilizing existing FMS functionality and pointed to the need to assess RTA applications in the 
context of an arrival sequence in which both time and lateral spacing will be critical to TBO. 
 
Prior work (Teller, 2011) has demonstrated that it is challenging to implement appropriate time intervals 
between sequential RTA flights (or between RTA and non-RTA aircraft) that preserve adequate lateral separation 
while avoiding “gaps” in the arrival flow because the relationship between time interval and the resulting spacing 
varies with operating conditions. Assignment of sequential RTA flights at one-minute intervals, particularly in 
conditions yielding lower groundspeeds (e.g., headwinds), required heightened controller monitoring, more frequent 
interventions to assure separation, imposed higher workload for pilots and controllers, and increased the risk of RTA 
cancellation. On the other hand, assignment of sequential RTAs at intervals of two minutes or more yielded 
adequate separation between sequential aircraft at the expense of some loss of flow efficiency, particularly in 
conditions yielding higher groundspeeds (e.g., tailwinds). The first issue explored in this work was the use of 90-
second intervals between sequential RTA flights to determine if this interval provides a good balance between 
separation assurance and flow efficiency without having negative impacts on workload. As an alternative to the 
assignment of RTAs at fixed time intervals (i.e., 90 seconds), varied discrete interval assignment based on prevailing 
conditions was also explored to assess whether this method might yield an adaptive balance between separation 
assurance and flow efficiency. This study was further designed to validate the performance of three different FMSs 
to achieve assigned RTA clearance times and meet applicable altitude/speed restrictions. 
  
Method 
 
The simulation was conducted at the MITRE/CAASD Integrated Demonstration and Experimentation for 
Aeronautics (IDEA) Lab. The simulated environment was driven by the NASA Multi-Aircraft Control Simulation 
(MACS) software application configured to emulate Denver Air Route Traffic Control Center (ZDV), specifically 
sectors 9, 16, and 15 (consistent with typical operations at ZDV, sectors 16 and 15 were combined). MACS was 
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interfaced to NASA Research-TMA (R-TMA) emulation to provide terminal scheduling to the meter fix and runway 
in support of the research objectives. Six RTA flights were flown by three expert pilots operating FMS emulations 
(two FMSs per pilot) across 11 runs covering a variety of operating conditions in a within-subjects design. Two runs 
were conducted using fixed 90-second intervals between RTA aircraft, one in prevailing headwind conditions and 
one in prevailing tailwind conditions. Nine runs were conducted using discrete intervals that varied to match the 
prevailing conditions, namely headwinds versus tailwinds and metering versus non-metering conditions. Intervals 
were varied in one run by use of a controller look-up aid indexed to groundspeed and in all other runs by direct 
application of TMA which determines Scheduled Times of Arrival (STAs) for sequential aircraft with appropriate 
spacing for separation and efficiency. Variations in operating conditions (i.e., metering and traffic level/complexity) 
and FMS parameters (i.e., Cost Index) were examined but are not discussed below as they did not impact the results. 
Procedures and communication protocols were based on those developed through prior RTA work. 
 
Equipment 
 
 Three different types of aircraft FMSs were emulated in this simulation: (1) GE Aviation sFMS used in the 
Boeing B737NG, (2) Aerosim/Honeywell A320 FMST, and (3) Aerosim/Honeywell B757 FMST (see Figure 1). 
Four instances of the B737 FMS were included; this FMS was designed to execute RTAs to any point in the flight 
plan route and time with a programmable time-error tolerance of 6-30 seconds. One instance of the A320 FMS was 
tested; this FMS was designed to actively recalculate speeds to achieve RTAs while in cruise prior to top of descent 
with no operator control of time-error tolerance. Two instances of the B757 FMS were used; this FMS was not 
designed to adjust speed during climb or descent to achieve the RTA. 
 
 
 
Figure 1. RTA page of GE Aviation FMS in B737 (Left), Aerosim/Honeywell FMS in A320 (Center), and 
Aerosim/Honeywell FMS in B757 (Right). 
 
Two controller participants used standard DSR 2Kx2K displays, computer keyboards, and mouse or 
trackball. The systems were configured to emulate two ZDV sectors (i.e., sector 9 and sector 16/15) and were linked 
by an internal lab communications network to emulate the assigned frequencies for each sector. Traffic Management 
Unit (TMU) was equipped with Plan Graphical User Interface (P-GUI) and Timeline Graphical User Interface (T-
GUI) displays, keyboard, and mouse configured to emulate TMA functionality. Two pseudo pilots operated 
background traffic using a multi-feature simulation pilot interface integrated into MACS.  
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Scenarios 
 
 Each scenario was of 45-60 minutes duration, varying with configuration; the active flight time for each 
RTA flight was 35-45 minutes. All scenarios involved arrivals via the northeast corridor to Denver International 
Airport (KDEN). As shown in Figure 2, there are three sectors serving northeast arrivals: Sector 09 is a high-altitude 
sector that adjoins Minneapolis ARTCC (ZMP), includes the TMA freeze horizon, and contains the initial segment 
of the SAYGE6 Standard Terminal Arrival Route (STAR); Sector 16 is a high altitude-sector that incorporates the 
middle portion of the STAR and sets up sequencing; Sector 15 is a low-altitude sector that includes the SAYGE 
meter fix and the handoff to Denver TRACON. Consistent with typical operations at ZDV, sectors 16 and 15 were 
combined. The arrival flow was merged via SAYGE6 with restrictions in altitude (FL190; tolerance: ±100 ft) and 
speed (250 knots; tolerance: ±10 knots) at SAYGE.  
 
 
Figure 2. ZDV northeast arrival corridor sectors and SAYGE meter fix. Adapted from: SAAB Sensis Corporation 
3D PAM Project. 
 
 The simulated airspace was populated by background traffic extracted from Enhanced Traffic Management 
System (ETMS) historical data to yield traffic flows typical to ZDV. Simulation runs were launched via pre-
programmed scenarios which initialized all radar controller (R-side) positions with ZDV airspace/maps and quickly 
populated traffic sample flights distributed through the airspace. Additional traffic sample flights were pre-
programmed to “flow in” to maintain appropriate traffic levels throughout the scenario. Environmental wind 
samples were extracted from historical National Oceanic and Atmospheric Administration (NOAA) Rapid Update 
Cycle (RUC) wind data to represent typical local wind patterns. This wind sample was used for the “headwind” runs 
and flipped 180° for the “tailwind” runs. For some runs, FMS forecast winds were intentionally “mis-matched” by 
10 knots to validate the robustness of the FMS RTA functionality under realistic field conditions. 
 
 TMU was employed for all scenarios to calculate schedules for the prevailing environmental and traffic 
conditions that would deliver aircraft to specified meter points and the runway at a rate determined to ensure smooth 
operation, while preserving appropriate spacing. The TMA adaptation was setup in accordance with the prevailing 
practice at ZDV, except that the system was set to a single-runway configuration due to the limited scope of the 
traffic sample and data runs that investigated only the northeast arrival corridor. The Traffic Management 
Coordinator (TMC) adjusted constraints in TMA to generate delays according to scenario criteria and adjusted the 
acceptance rate, TMA matrix, and/or stream class settings as needed. 
  
Results 
 
One run with six flights assigned RTAs at fixed 90-second intervals was conducted in headwind conditions. 
Table 1 presents the assigned RTA for each flight, the actual time at which each flight crossed SAYGE, and the time 
difference between the RTA and actual crossing time (i.e., whether each flight was on time, early, or late). Only one 
flight, F4 (the A320 FMS), did not meet its RTA within the generally-accepted tolerance of ±30 seconds. While all 
flights met the speed restriction at SAYGE within ±10 knots, the final two flights crossed at too high of an altitude 
(F4: 20,214ft and F5: 19,300ft). Planned versus actual time intervals for each of two sequential flights are presented, 
along with the resultant planned versus actual spacing. Lateral spacing between sequential flights was in excess of 
the 5NM minimum spacing prescribed for the en route environment (Planned: Mean 8.8NM, Range 8.5-9.2NM; 
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Actual: Mean 9.0NM, Range 5.4-11.4NM). Even with the interval compression due to the early arrival of F4, the 
actual lateral spacing still met minimum separation standards. 
 
Table 1. 
Crossing Times, Intervals, and Spacing at SAYGE Under Headwind Conditions. 
 
ID Type RTA (mm:ss) 
xSAYGE 
(mm:ss) 
Δt* 
(mm:ss) 
 Interval (mm:ss) Spacing (NM) 
F1 B737 18:33:30 18:33:12 -00:18  Planned Actual Δi* Planned Actual Δs* 
> 
 
> 
 
> 
 
> 
 
> 
01:30 01:42 00:12 8.7 9.9 1.2 
F2 B737 18:35:00 18:34:54 -00:06 
01:30 01:37 00:07 9.2 9.9 0.7 
F6 B757 18:36:30 18:36:31  00:01 
01:30 01:29 -00:01 8.5 8.4 -0.1 
F3 B737 18:38:00 18:38:00  00:00 
01:30 00:55 -00:35 8.9 5.4 -3.5 
F4 A320 18:39:30 18:38:55 -00:35 
01:30 02:02 00:32 8.5 11.5 3.0 
F5 B757 18:41:00 18:40:57 -00:03 
     
*Negative values of the time difference (Δt) indicate that the flight crossed early. Positive values of the time 
difference (Δt) indicate that the flight crossed late. Negative values of the interval and spacing differences (Δi 
and Δs, respectively) indicate that the interval was smaller than planned. Positive values of the interval and 
spacing difference (Δi and Δs, respectively) indicate that the interval was larger than planned. 
 
One run with six flights assigned RTAs at fixed 90-second intervals was conducted in tailwind conditions, 
although one flight (F3) was terminated at the start of the run due to a software error. Table 2 presents the assigned 
RTA for each flight, the actual time at which each flight crossed SAYGE, and the time difference between the RTA 
and actual crossing time (i.e., whether each flight was on time, early, or late). All flights met their assigned RTAs 
within the ±30 second tolerance, all flights met the prescribed altitude restriction within ±50 ft, and only one flight 
exceeded the speed restriction by ±10 knots (F2: 286 knots). Planned versus actual time intervals for each of two 
sequential flights are presented, along with the resultant planned versus actual spacing, except for sequential 
intervals associated with F3. Spacing was greater in this run compared to the previous run given the increased 
groundspeeds associated with tailwind conditions (Planned: Mean 9.6NM, Range 9.0-10.2NM; Actual: Mean 
8.9NM, Range 7.2-10.0NM). All spacing intervals well exceeded minimum separation standards. 
 
Table 2. 
Crossing Times, Intervals, and Spacing at SAYGE Under Tailwind Conditions. 
 
ID Type RTA (mm:ss) 
xSAYGE 
(mm:ss) 
Δt* 
(mm:ss) 
 Interval (mm:ss) Spacing (NM) 
F1 B737 19:59:54 20:00:04 00:10 
 Planned Actual Δi* Planned Actual Δs* 
> 
 
 
 
> 
 
> 
01:30 01:23 -00:07 10.2 9.4 -0.8 
F2 B737 20:01:24 20:01:27 00:03 
 
F4 A320 20:06:18 20:06:37 00:19 
01:30 01:12 -00:18 9.0 7.2 -1.8 
F5 B757 20:07:48 20:07:49 00:01 
01:30 01:33 00:03 9.6 10.0 0.4 
F6 B757 20:09:18 20:09:22 00:04 
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* Positive values of the time difference (Δt) indicate that the flight crossed late. Negative values of the interval and 
spacing differences (Δi and Δs, respectively) indicate that the interval was smaller than planned. Positive values of 
the interval and spacing difference (Δi and Δs, respectively) indicate that the interval was larger than planned. 
 
Five runs of six flights each were conducted with discrete intervals under headwind conditions. Four runs 
of six flights each were conducted with discrete intervals under tailwind conditions. Table 3 presents a summary of 
the planned versus actual intervals and spacing for each of these nine runs. 
       
Table 3. 
Summary of Discrete Sequential RTA Intervals/Spacing at SAYGE. 
 
Run Conditions 
Planned Intervals 
(mm:ss) 
Actual Intervals 
(mm:ss) 
Planned 
Spacing (NM) Actual Spacing (NM) 
Mean Mean Mean Δi Mean Mean Mean Δs 
R1 Headwinds 01:12 01:22 00:32 7.2 8.1 3.2 
R2 Tailwinds 01:36 01:35 00:05 9.6 9.4 0.5 
R3 Headwinds 01:40 01:39 00:09 9.6 9.6 0.9 
R4 Tailwinds 01:29 01:28 00:09 8.4 8.3 0.8 
R5 Headwinds 01:31 01:37 00:12 8.5 9.1 1.1 
R6 Headwinds 01:20 01:13 00:26 7.4 6.9 2.5 
R7 Tailwinds 01:11 01:06 00:12 6.9 6.3 1.2 
R8 Tailwinds 01:23 01:24 00:11 8.5 8.7 1.1 
R9 Headwinds 01:18 01:19 00:11 7.2 7.2 1.0 
 
 A 2 (sequential RTA) x 2 (winds) x 3 (FMS) multivariate analysis of variance (ANOVA) was conducted on 
the crossing time difference (Δt) data. Results revealed no significant differences in the method of the sequential 
RTA (fixed vs. discrete) or wind direction (headwinds vs. tailwinds). The type of FMS, however, was found to have 
a significant effect on crossing time performance. The A320 FMS (Mean 28.6s) exhibited greater error in achieving 
its RTA than the B737 (Mean 9.1s) or B757 (Mean 7.6) FMSs (F(2,3)=13.7,p<0.05). It is important to note, 
however, that the mean crossing time difference for the A320 FMS still fell within the accepted ±30 second 
tolerance. Two 2 (sequential RTA) x 2 (winds) repeated measures ANOVAs were conducted on the planned versus 
actual interval (Δi) and planned versus actual spacing (Δs) data (FMS was not included as a between-subjects 
measure as the order of flights varied across runs). 9.3% of flights did not meet the altitude restriction of ±100 ft at 
SAYGE while 7.4% of flights did not meet the speed restriction of ±10 knots. There were no significant differences 
between RTA method or wind direction. 
 
Discussion 
 
RTA operations provide the possibility to sequence traffic at a much earlier state than currently possible. 
Synchronization of the optimal trajectory, within air traffic control and airspace constraints, provides predictability 
not currently available, promoting time-coordinated operations and providing the potential to enable more flight-
efficient operations. Two different methods for implementing appropriate time intervals between sequential RTA 
aircraft were explored in this paper: a fixed 90-second interval and discrete intervals varied to match the prevailing 
conditions. Three different types of FMS were also examined; the results validated the performance of the FMSs to 
achieve the assigned RTA clearance time, although there were some issues with meeting the altitude and airspeed 
restrictions specified at the meter fix, likely due to the need to actively manage speed on descent given current FMS 
functionality. The implementation of the alternatives for sequential RTA flights studied had no impact on FMS 
performance. 
 
The data demonstrated that fixed 90-second intervals did yield a good balance between separation 
assurance and flow efficiency and were relatively straightforward to schedule (in TMA) and assign (by the 
controller). The use of a 90-second interval between RTAs would seem to represent the best option for a fixed 
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interval between sequential RTAs and is a workable balance between the deficiencies of the one-minute interval 
(inadequate lateral spacing in conditions yielding low groundspeeds) and the two-minute interval (excess spacing in 
high groundspeeds, resulting in loss of flow efficiency). It should be noted that time errors, even those within 
tolerances, i.e., ±30 seconds, can exacerbate these spacing issues, but even under adverse cases (e.g., lead aircraft late 
and trail aircraft early) the 90-second interval still provides a good margin for separation assurance with comparatively 
low need for controller intervention. The controller participants concurred that it is likely that controllers could/would 
use fixed 90-second intervals between sequential RTAs in practice, provided that the TMA adaptation and meter list 
were configured for half-minute intervals. 
 
As an alternative to assignment of RTAs at fixed time intervals, assignment at discrete intervals varied to 
match the prevailing conditions was explored to assess whether this alternative might yield an adaptive balance 
between separation assurance and flow efficiency. The data demonstrated that assignment of RTAs at discrete 
intervals did yield a good balance of separation assurance and flow efficiency adaptive to the prevailing conditions 
and intrinsically avoided inadequate lateral spacing (in conditions yielding low groundspeeds) and excess spacing 
and loss of flow efficiency (in conditions yielding high groundspeeds). The controller participants concurred that it 
seems a natural and simple extension of TMA to use these discrete times for RTAs, and it is very likely that 
controllers could/would use such a tool in practice to calculate and assign discrete times/intervals, provided that the 
TMA adaptation and meter list were configured for discrete time intervals and suitable symbology were provided to 
discriminate RTA from non-RTA aircraft. 
 
 This experiment identified potential human factors issues associated with RTA operations in five areas: 
tools and methods for conformance monitoring by pilots and controllers; tools and methods for assessing and 
predicting separation for time-based clearances; standardization of RTA-linked FMS functionality; workload 
impacts for pilots managing RTAs in the context of additional cockpit duties (e.g., checklists, approach planning and 
briefings, coordination with cabin crew and airline operations); and tools to enhance situation awareness for pilots 
involved in closely-spaced arrivals. Tools such as Traffic Alert and Collision Avoidance System (TCAS) and/or 
Cockpit Display of Traffic Information (CDTI) designed to aid pilot situation awareness, conformance monitoring, 
and separation assurance for RTAs are being explored in other work. 
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